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Abstract 
Thermodynamics is usually not sufficient to predict trace element partitioning in secondary minerals, as evidenced by 
the growth-rate dependency of trace element partitioning occurring in many water-rock systems. In this context, two 
uptake kinetic models were tested and unified into a new one suitable for implementation in geochemical modeling 
codes. The model is able to predict the effects of variation in solution composition on trace element partitioning. 
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1. Introduction 
   Uptake of trace elements by growing minerals is considered to be a key safety mechanism during water-
rock interaction processes related to environmental issues (i.e. disposal of radioactive waste, remediation 
of polluted soils). Thermodynamics is usually not sufficient to predict correctly such uptake processes. In 
fact, trace element partitioning between a host mineral and aqueous solution often depends on mineral 
growth rates and is irreversible, as seen from the experimental data and the frequent occurrence of zoned 
crystals. So far, several models were proposed to account for kinetic effects on the uptake of trace 
elements. We chose two existing models that seem to be most promising in terms of scientific value and 
potential for implementation in geochemical modeling codes: the growth Surface Entrapment Model 
(SEMO) [1], and the Surface Kinetic Model (SRKM) [2]. These models were found to be complementary 
and were unified into a single model implemented in the GEM-Selektor code (http://gems.web.psi.ch). 
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2. Description of models 
Both SEMO and SRKM predict a final distribution of trace elements (expressed by the fractionation 
coefficient ΔTr,Hc) in a metastable solid upon growth from aqueous solution. The SEMO can be reduced to 
a reactive-transport equation, based on the assumption that a nanometer-thick surface layer of a growing 
mineral takes the composition of the surface with adsorbed trace ions, which, in general, differs from the 
equilibrium composition of the bulk mineral solid solution of host Hc and trace Tr end members. This 
disequilibrium can only be compensated if the competing effects (termed for convenience as “surface 
diffusivity”) tending to restore equilibrium with the mineral interior are sufficiently fast. The competition 
between growth rate and surface diffusivity controls the trace element partitioning. Input parameters of 
SEMO are the thermodynamic equilibrium fractionation coefficient ΔTr,Hc,eq, the surface enrichment factor 
F, the linear mineral growth rate V, the solid-state diffusion coefficient Dl, the surface diffusivity 
coefficient Ds, and the  thickness of the surface layer in which surface diffusivity occurs, ml. The SRKM 
can be rationalized to a simple equation based on the concept of dynamic precipitation-dissolution close 
to equilibrium, taken from the classic kinetic theory. The competition between the mineral gross forward 
precipitation rate Rf and the gross backward dissolution rate Rb, which determine the net precipitation rate 
(Rp=Rf-Rb), controls the trace element partitioning; input parameters are Rb, Rp, a parameter similar to F, 
and ΔTr,Hc,eq. Both models describe qualitatively the experimental results, although the slopes are not the 
same (Fig.1). 
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Fig.1: Fractionation coefficients of Sr (a) and Cd (b) in calcite as a function of growth rate. Comparison between 
SEMO and SRKM vs selected experimental data. 
 
For elements that can hardly be incorporated into the mineral lattice (called “incompatible”, e.g. Sr2+ in 
calcite, ΔTr,Hc,eq=0.021, F=6.2) ΔTr,Hc  increases with growth rate, whereas the opposite trend is observed 
for elements that can easily be incorporated into the mineral. In either case, ΔTr,Hc varies between two 
limits: ΔTr,Hc,eq, and F ·ΔTr,Hc,eq. Analytical models like SEMO and SRKM assume fixed input parameters, 
but complexation reactions and ionic strength effects may affect them. These models need to be 
conveniently implemented into geochemical codes capable to recalculate ΔTr,Hc,eq and V at each iteration 
step for the current aqueous solution composition. Such a task is very difficult for the SEMO because it is 
a reactive-transport equation. It would be easier for the SRKM, but there the main difficulty is that the 
physical meaning and properties of Rb are poorly understood, and related experimental values are very 
rare in the literature. The SRKM might be considered as an integrated form of the SEMO, and this raises 
the question whether the two uptake models could be merged into a generalized one, ideally having the 
physics of SEMO and the simplicity of SRKM.  
Considering that Ds reflects the (re-)crystallization dynamics of the rough surface at the microscopic 
scale, the SEMO concept appears to be not really so different from the SRKM. Hence, we assumed that 
(a) 
(b) 
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Rb in SRKM is playing a similar role as Ds in SEMO. These two parameters were thus equated, leading to 
a “merged equation” with the mathematical form similar to that of the SRKM:  
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    This equation was implemented as a script in the sequential iteration routine (“process simulator”) of 
the geochemical code GEM-Selektor v.3.1. The time evolution of the system was simulated as a sequence 
of partial equilibrium states controlled by additional metastability constraints on amounts of two non-
ideal solid solution end members (e.g. CaCO3 and SrCO3). At each time step, the following calculations 
were performed. Firstly, a metastability constraint for the amount of host mineral precipitated up to a 
given time point is calculated using a kinetic equation. For the calcite end member, we used the rate 
equation [3]: 
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where I is the ionic strength of the solution, and Ω is the calcite saturation index. Secondly, the GEM-
Selektor calculates the equilibrium between aqueous solution and the aforementioned incremental amount 
of calcite solid, from which an updated value of ΔTr,Hc is derived using eq. 1. Thirdly, the amount 
constraint for trace end member (SrCO3) is calculated from ΔTr,Hc, aqueous speciation, and amount of 
calcite. Finally, after correcting specific surface area of the mineral for growth, the next time step of the 
simulation is performed. 
3. Modelling trace element content in growing calcite 
   The merged uptake model implemented in GEM-Selektor was tested against experimental data on Sr 
and Cd coprecipitation with calcite [4]. Fig.2 shows that our model is able to describe satisfactorily the 
growth-rate dependency of the measured ΔTr,Hc. The parameters F, Ds, and ml come from literature 
whereas ΔTr,Hc,eq is calculated from a solid-solution model. 
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Fig.2: Fractionation coefficient as a function of growth rate for Sr in calcite (a) and Cd in calcite (b). 
 
   We extended the simulation time of the previously modeled systems to 105 s in order to reach 
significant solution depletion and assess the effects of long reaction times on trace element partitioning. 
(a) 
(b) 
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The depletion is likely to decrease the host mineral precipitation rate. This will consequently reduce ΔTr,Hc 
for incompatible elements, and increase ΔTr,Hc for compatible elements. These effects are shown on Fig.3. 
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Fig.3: ΔTr,Hc variations as a function of time for the calcite-strontianite (a) and calcite-otavite (b) systems. Circles 
correspond to the experimental results shown in Fig.2. 
4. Conclusions and outlook 
   Two existing uptake kinetic models were merged into a ‘generalized’ one suitable for implementation in 
a geochemical modeling code. This model can be used to describe trace element uptake during mineral 
growth in aqueous solutions with changing composition, provided a few parameters relative to involved 
trace element/host mineral couples are known. This model could be very helpful for long-term systems 
with high solid/water ratio, which are likely to be affected by solution depletion effects. The effect of 
specific surface area or surface roughness on sub-surface diffusivity parameter also seems to be essential, 
but requires further investigations. We plan to ‘hard-code’ this unified model to make it usable in 
geochemical reactive-transport codes coupled with the GEMS3K kernel [5] of GEM-Selektor package. 
 
Acknowledgements 
 
The research leading to these results has received funding from the European Atomic Energy 
Community's Seventh Framework Programme (FP7/2007-2011) under grant agreement n° 269688. We 
would like to thank E.B. Watson for providing his SEMO code. 
 
References 
 
[1] Watson EB. A conceptual model for near-surface kinetic controls on the trace-element and stable isotope composition of 
abiogenic calcite crystals. GCA 2004; 68: 1473-1488. 
[2] DePaolo DJ. Surface kinetic model for isotopic and trace element fractionation during precipitation of calcite from aqueous 
solutions. GCA 2011; 75: 1039-1056. 
[3] Wolthers M, Nehrke G, Gustafsson JP, Van Cappellen P. Calcite growth kinetics: Modeling the effect of solution stoichiometry. 
GCA 2012; 77: 121-134. 
[4] Lorens RB. Sr, Cd, Mn and Co distribution coefficients in calcite as a function of calcite precipitation rate. GCA 1981; 45: 553-
561.  
[5] Kulik DA, Wagner T, Dmytrieva SV, Kosakowski G, Hingerl FF, Chudnenko KV, Berner U. GEM-Selektor geochemical 
modeling package: Numerical kernel GEMS3K for coupled simulation codes. Comp Geo 2012; in press. 
(a) 
(b) 
